The endosomal system is critical for the maintenance of intracellular homeostasis, and defects in this system are often linked to neurological disorders. The retromer complex is a critical coordinator of endosomal dynamics and has functional roles in multiple cellular processes through sorting cargoes from endosomes to the trans-Golgi network (TGN) or to the plasma membrane. Mammalian retromer comprises a core Vps26-Vps35-Vps29 trimer and associates with a range of proteins to generate endosomal tubular-vesicular carriers. Alterations in retromer function or its molecular organization have been a rising risk factor for Parkinson's disease (PD). Although genetic evidence has shown several variants within retromer in late-onset PD cases, the exact molecular machineries by which retromer variants induce the development of PD are still not completely elucidated. In this Review, we will focus on the functional roles of retromer in neuronal health, summarize advances in defining the cellular pathological phenotype caused by retromer deficiency or PD-linked retromer variants and discuss the potential clues of how retromer deregulation may contribute to PD pathogenesis.
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The endosomal network is a highly dynamic and orchestrated system, which serves a vital function in coordinating the communication and exchange of associated proteins and lipids between intracellular membrane-bounded compartments. Once within the network, cargo molecules originating from the plasma membrane and biosynthetic pathways are targeted to a common sorting station, the early endosome, from where cargoes are sorted towards specialized intracellular locations following multiple trafficking routes. They can be either sorted into late endosomes/ lysosomes for degradation or retrieved to the plasma membrane or the trans-Golgi network (TGN). The efficient and accurate delivery of cargo contents within intracellular compartments is critical for the maintenance of intracellular homeostasis, and defects on it are often associated with multiple human diseases. The evolutionary conserved protein complex, termed Abbreviations AMPAR, a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; APEX, ascorbate peroxidase; APP, b-amyloid precursor protein; ATG9A, autophagy-associated protein; Ab, elevated b-amyloid peptide; BAR, Bin-Amphiphysin-Rvs; BDNF, brain-derived neurotrophic factor; CI-M6PR, cation-independent mannose 6-phosphate receptor; CLN5, ceroid lipouscinosis neuronal protein-5; CMA, chaperon-mediated autophagy; Crb, crumb; DA, dopaminergic; DMTI-II, divalent metal transporter II; DRD1, dopamine receptor D1; Drp1, dynamin-related protein 1; EHD1, Eps15 homology domain-containing protein-1; FERM, 4.1/ezrin/radixin/moesin; GLUT1, glucose transporter 1; Kir3, G protein-gated inward rectifying potassium channels; Lamp2a, lysosome-associated membrane glycoprotein 2a; LBs, Lewy bodies; MAPL, mitochondria-anchored protein ligase; MDVs, mitochondria-derived vesicles; Mfns, mitofusins; MPP+, mitochondria toxicant 1-methyl-4-phenypyridinium; MUL1, mitochondria E3 ubiquitin ligase-1; PD, Parkinson's disease; PDZ, PSD-95/discs large/zona occludens; PtdIns3, P, phosphatidylinositol 3-monophosphate; PTHR, G protein-coupled parathyroid hormone receptor; PX, phox homology; RME-8, receptor-mediated endocytosis 8; SNX, sorting nexin; TBC1D5, TBC1 domain family member 5; TGN, trans-Golgi network; TrkB, tropomyosin-related kinase B; Vps, vacuolar protein sorting; b2AR, b2 adrenergic receptor.
retromer, has been identified as one of the most important platforms that sort and traffic proteins within endosomes [1] [2] [3] [4] . Retromer functions in many cellular processes are related to neuronal health, and have been directly implicated in the pathogenesis of multiple neurological disorders. Within this Review we will focus on the recent advances in the functioning of retromer in neuronal protection and discuss the pathological roles of retromer in the progression of Parkinson's disease (PD).
The retromer complex
Retromer is an essential peripheral membrane protein complex that functions in endosomal sorting of a variety of cargo molecules. The retromer complex is assembled from two molecular modules: the high-affinity heterotrimer composed of vacuolar protein sorting (Vps) proteins including Vps29, Vps35 and Vps26, and the membrane-associated dimer of SNX-BAR proteins [5, 6] . Of the Vps heterotrimer, the Vps35 subunit serves as the key component, conferring binding sites for Vps26 and Vps29, and thus promoting the stabilization of the retromer complex [7] [8] [9] . Two paralogues, Vps26A and Vps26B, have been identified to form two distinct types of retromer that may be engaged in different functions [10] [11] [12] . Together with a range of associated proteins, retromer spatially and temporally regulates the retrieval of various cargoes from endosomes to their destined membrane-bounded compartments (Fig. 1) .
Mechanisms for the endosomal recruitment of retromer
Recruiting retromer to the cargo-enriched endosome membrane is the first step to initiate associated sorting events. No known phospholipid-or lipid-binding affinity has been described within retromer, its endosomal targeting is therefore achieved indirectly by proteinprotein interactions (Fig. 1) . Retromer is recruited to endosomes by interaction with members of the PX peripheral membrane proteins family of proteins which contain high-affinity phosphatidylinositol 3-monophosphate (PtdIns(3)P)-binding domains [13] . As SNX-BAR family members are characterized by the presence of the membrane-associated PX domain and the membrane curvature sensing Bin-Amphiphysin-Rvs (BAR) domain, it was originally proposed that retromer would assemble with SNX-BAR proteins on endosomal membranes [14] . However, studies based on yeast two-hybrid analysis show only a weak interaction between the retromer complex and SNX1/2 [15] [16] [17] . This evidence appears to be disputable, as biochemical experiments further failed to support this association within mammal cells [15, 18] . Therefore, the SNX-BAR dimer itself may not be sufficient enough to recruit retromer to endosomes.
Sorting nexin 3 has been identified to recruit and stabilize retromer on endosomal membranes by directly binding to retromer subunits Vps26 and Vps35 in multiple interfaces via its N-terminal tail and the PX domain [9, 19] . In fact, loss of SNX3 results in a marked dissociation of retromer from endosomal membranes, which further supports its roles in the recruiting process [9] . Another PX domain-containing protein, SNX12, which shares high homology with SNX3, is thought to have a similar role to SNX3 [20] . Likewise, SNX12 associates with the retromer Vps26 subunit, and its downregulation affects the endosomal localization of retromer [21] . Although two PX domain-containing SNXs are implicated in retromer recruitment, it remains to be determined if they function independently or synergistically.
Rab GTPases are localized at the surface of intracellular membrane-bounded compartments and function in multiple trafficking events. Hence, Rab proteins specifically associated with endosomes may have functional roles in endosomal targeting of retromer. Indeed, studies have demonstrated that Rab7 is engaged into the recruiting event through directly interacting with the retromer Vps35 subunit in a guanine nucleotide-dependent manner [22] [23] [24] . Suppression of Rab7 causes a total shift of the retromer complex from the endosome membrane to the cytosolic fraction [22, 23] . In fact, multiple coordinators are involved in the regulation of this Rab7-mediated recruitment. For example, the ceroid lipouscinosis neuronal protein-5 (CLN5), a lysosome-anchored protein, has been shown to mediate the activation and endosomal localization of Rab7, thus sequentially promoting retromer recruitment [25] . In addition, recent work has demonstrated that the palmitoylation on Rab7 is essential for the tight association between Rab7 and the retromer complex, although this modification is not required for the endosomal localization of Rab7 [26] . While the endosomal recruitment of retromer appears to be mediated by distinct mechanisms as described above, it is hypothesized that SNX3 and Rab7 may cooperate to recruit retromer, due to the close proximity of binding sites within Vps35 and the similar defects on retromer recruitment derived by SNX3 or Rab7 deficiency [19] .
Recent studies in yeast showed that retromer segregates onto the forming endosome-derived tubular carriers together with cargo, whereas Rab7 remains on the endosome vacuole [27] . Only after this fission process, retromer is released into the cytoplasm [27] . The displacement of Rab7 from endosomal tubules is due to a consequence of the assembly between the Vps trimer and SNX-BAR subcomplex during tubule formation [28] . These observations provide insights into the coordinative interplay among retromer, SNX-BAR subcomplex and Rab GTPase in the temporally orchestrated membrane dissociation process. An additional coordinator in this releasing process is TBC1D5, a RabGAP for Rab7, serving as a restraint on retromer function [22] . With binding affinity to LC3, the autophagy protein, as well as to the retromer complex, TBC1D5 is proposed to shuttle between LC3-positive autophagosomes and endosomal membrane, thereby dynamically directing retromer disassociation from the endosomal membrane [22, [29] [30] [31] . Hence, the endosomal association/dissociation of retromer is a refined and dynamic process that is achieved by multiple coordinators.
Cargo sorting and trafficking
Serving as a trafficking hub, the early endosome contains various cargo proteins at the crossroads ready to be delivered towards different destinations. Numerous transmembrane proteins have been identified to traffic in a retromer-dependent manner. One classic cargo Retromer is recruited to the cargo-enriched endosomal membrane via mechanisms mediated by Rab7 and SNX3. Once within the endosomal system, retromer recognizes and retrieves cargoes from the degradation fate for the delivery to the cell surface or the TGN. The WASH complex and SNX27 promotes the recycling of several retromer-associated receptors, including GLUT1, AMPAR and b2AR, from endosomes to the cell surface. SNX-BAR proteins and SNX3 mediate the retromer-associated endosome-to-TGN transport of receptors. One classical cargo involved in retromer-mediated retrograde pathways is CI-M6PR, which is responsible for the delivery of lysosomal hydrolases. CI-M6PR binds certain classes of newly synthesized hydrolases at the TGN, and carries them to the endosomal system. Hydrolases release from CI-M6PR and are transported to lysosomes where they are activated. Unoccupied CI-M6PR is then retrieved to the TGN through retromer-mediated retrograde pathways for the next round of sorting. Arrows indicate the direction of intracellular trafficking.
incorporated into retromer-mediated retrograde pathway is the cation-independent mannose 6-phosphate receptor (CI-M6PR), a type-I transmembrane transporter that shuffles between the TGN and endosomes for the delivery of newly synthesized hydrolyses to lysosomes (Fig. 1) [32, 33] . CI-M6PR recognizes specific hydrolase precursors via the binding site on its N-linked oligosaccharides. Upon delivery to endosomes, ligands are dissociated from CI-M6PR due to the acidic pH, and unoccupied CI-M6PR returns to the TGN along retrograde pathways for another round of sorting. In the absence of retromer, the trafficking fate of CI-M6PR is altered through inefficient retrograde transport from endosomes to the TGN, resulting in an increased lysosomal turnover of CI-M6PR and a decreased level of intracellular hydrolyses [32] . The retromer complex has been characterized to sort and traffic CI-M6PR in a sequence-dependent manner. Evidence demonstrated that Vps35 is able to recognize and bind to a conserved Trp/Phe-Leu-Met/ Val (W/F-L-M/V) motif within CI-M6PR cytoplasmic tail [32, 33] . This sorting motif is essential for the endosome-to-TGN transport of CI-M6PR, as mutation within the motif perturbs the retrieval of CI-M6PR and leads it to be degraded rapidly [33] . The type of Vps26 subunit also appears to contribute to the CI-M6PR transport, as Vps26B-containing retromer is not able to interact with CI-M6PR, indicating that two Vps26 paralogues may not be functionally equivalent in the cargo sorting process [10, 11] . Evidence exists for numerous other endosome-associated proteins contributing directly or indirectly to the retrieval of CI-M6PR [5, 18, 34, 35] , and the relative contribution of retromer to its trafficking still needs to be determined [36] .
In addition to CI-M6PR, retromer also regulates the retrieval of other Vps10 domain-containing protein family members, such as sortilin and SorLA, which are particularly important in the modulation of neurotrophic signalling pathways [33, 37, 38] . Sortilin exhibits the conserved sorting motif -W/F-L-M/Vwithin its cytoplasmic tail, and thus can be recognized by the retromer Vps35 subunit [33] . However, SorLA contains a Phe-Ala-Asn-Ser-His-Tyr (FANSHY) motif within its C-terminal cytoplasmic tail by which SorLA interacts with the Vps26 subunit [37] . Moreover, retromer also contributes to the fine-tuning of additional cellular functions such as iron homeostasis through the regulation of the endosome-to-TGN shipping of divalent metal transporter II (DMTI-II) -an iron transporter [39] . The retromer Vps35 subunit has been shown to recognize and sort DMT1-II through the sorting sequence -Tyr-Leu-Leu (YLL) -within its cytoplasmic domain [19, 39] . A recent study showed the location of YLL motif within DMT1-II at the interface between Vps26 and SNX3, indicating that the interaction with both SNX3 and Vps26A are directly required for the cargo sorting [9] .
While predominately described as a conductor in endosome-to-TGN retrieval, retromer has been recently demonstrated to coordinate the endosomal recycling of multiple transmembrane proteins to the plasma membrane, in conjunction with SNX27, which is a multidomain scaffolding protein consisting of a PX domain, PSD-95/discs large/zona occludens (PDZ) domain and 4.1/ezrin/radixin/moesin (FERM)-like domain. Both the PX domain and FERM-like domain possess binding affinity for PtdInsP species, thereby promoting the endosomal targeting of SNX27 [40] . The PDZ domain, however, directly binds to the retromer subunit Vps26, and further directs the intracellular recycling of PDZ domain-containing proteins [41] . A variety of cell surface transporters are identified to recycle in a retromer-SNX27-dependent manner [41] . For example, GLUT1 directly interacts with SNX27 via the PDZ-binding motif within its C terminus. This association is demonstrated to be essential for sorting GLUT1 onto the endosome-to-plasma membrane route [41, 42] . Another receptor that can be recognized by SNX27 is b2AR, a fundamental cellular receptor protein associated with neuronal protection [41, 43, 44] . Similar to GLUT1, recycling of b2AR is dependent on the PDZ motif presented within its cytoplasmic tail, which interacts directly with SNX27 [41, 43] . Other known SNX27 cargoes include AMPA, NDMA, G protein-gated inward rectifying potassium channels (Kir3) and G proteincoupled parathyroid hormone receptor (PTHR) [41, 45] . While the list of retromer-associated cargoes keeps extending, as yet, a relatively conserved rule regarding how cargoes are destined for specific destinations is not elucidated.
Morphogenesis of tubular endosomal transport carriers
Following the retromer-mediated sorting process, the endosomal subdomains enriched with cargo molecules deform to generate tubulovesicular endosome transport carriers, which sequentially detach from endosomal compartments and transport cargos to destined organelles. The machinery underlying tubulation is mostly related to SNX-BAR proteins, which share a conserved BAR domain that has functions in sensing and binding to membrane curvature. SNX-BAR proteins undergo dimerization and membrane association, and continuously oligomerize on the endosome membrane surface thereby generating regular arrays that form membrane tubules. Although data from in vitro experiments indicated multiple SNX-BAR proteins are able to drive the transition from vacuolar to tubular morphology [46] , how these proteins function under physiological conditions is less clear. Along with SNX-BAR proteins, microtubule-based motors have been implicated to mediate the morphogenesis of tubular carriers. Generally, the microtubule plus end-directed movement is mediated by kinesins, whereas the minus end-directed movement is achieved via dynein motor proteins. The opposite movement of kinesins and dyneins is sufficient to pull tubules from membranes. Motor proteins likely cooperate with SNX-BAR proteins to mediate the formation of retromer-associated tubules. Two studies demonstrated that the p150
Glued subunit of dynactin/dynein motor complex interacted directly with SNX6 [47, 48] . Association between p150
Glued and SNX6 is required for the generation and stabilization of tubular vesicles that involved in retromer-mediated retrograde trafficking. For example, dysfunction of p150
Glued impairs CI-M6PR retrieval from endosomes to TGN [47] . Besides, suppression of p150
Glued also impaired SNX1-mediated tubulation process [48] , indicating SNX oligomerization per se may not be sufficient enough to drive membrane tubulation. In addition, other machineries may also contribute to the biogenesis of tubular transport carriers. Recent work suggested that receptor-mediated endocytosis 8 (RME-8), a DNAJ subfamily member, is required in SNX1-mediated membrane tubulation process. Loss of RME-8 altered the dynamics of SNX1 on endosome membrane and caused an increase in highly branched retromer cargo-containing tubules [49] . Another protein factor mediating the formation of retromer-associated tubules is EHD1. EHD1 contains binding sites for retromer and is required for the stabilization of tubules especially generated from SNX1. Similar to RME-8, suppression of EHD1 destabilizes SNX1-positive membrane tubules and extensively perturbs the endosomes-to-TGN retrieval of cargoes such as CI-M6PR [50] .
Once tubular transport carries reach targeting sites, membrane fission event occurs to pinch off the vesicles from tubular structures before docking and fusion with the target membranes. Membrane fission is not a simply spontaneous process, whereas it requires various enzymes and factors to break the enclosed membrane. One well-characterized factor that participates in the fission reaction is the dynamin GTPase, which belongs to a GTPase family with diverse functions in membrane remodelling. Recent studies in yeast demonstrated that the Vps1 dynamin GTPase is required for the scission of retromer-coated tubules and eventually allows for the release of retromer into cytosol [27, 51] . Accordingly, Vps1 localizes to endosomes decorated with SNX-BAR proteins and Mvp1, the yeast homologous to human SNX8. Mvp1 promotes the endosomal association of Vps1 through direct interaction. Deficiency of either Vps1 or Mvp1 inhibits the export of retromer-associated cargo from endosomes [51] . Hence, the cooperation between endosomal sorting and fission machineries is required for efficient trafficking mediated by retromer. In mammalian cells, however, the machinery underlying membrane fission of retromer cargo-containing tubular ETCs is not clear yet. So far, no firm evidence shows whether any dynamin GTPase family member is involved in the fission step of retromer-positive tubular transport carriers in mammals. However, EHD1 may participate in the fission of endosomal tubules, due to its function in the vesiculation of tubular recycling endosomes, which shares similarity to the scission process of endosomal tubules from physiological perspective [52] . In addition, EHD1 depletion destabilizes SNX1-positive tubules, further highlighting the possibility of its function in the fission process [50] . The WASH complexa pentameric protein complex composed of WiskottAldrich syndrome homologue 1 (Wash1) and associated proteins Strumpellin, FAM21, KIAA1033 (SWIP) and CCDC53 is also proposed to mediate the fission event, due to its interaction capacity with dynamin and Arp2/3 complex, a regulator of actin network [53] . Finally, a dynamin-independent fission mechanism, termed friction-drive scission, is applied to the fission step of endosomal tubular structure, whereby SNX-BAR proteins create a friction barrier for lipid diffusion to cause the increase local tension until the fission occur [54] .
Retromer trafficking and neuronal health
Neurons are highly polarized cells that possess structurally and functionally distinct assemblies, termed axons and dendrites. Both structures are extended from the soma and are responsible for the signal transmitting throughout the neuronal system. Typically, axons are single long structures that transmit external information via releasing neurotransmitter, whereas dendrites are relatively shorter structures that receive input from the external of other axons. During the last few decades, much attention has been drawn to dendritic spines, certain classes of dendrites containing small projections, which serve as the main postsynaptic compartment receiving excitatory input and monitoring synaptic remodelling. The rapid signal exchanges on dendritic spines are critically associated with the efficient recycling of synaptic receptors. As a vital endosomal sorting assembly, retromer has recently been implicated in the recycling of multiple synaptic receptors from endosomes to the discrete dendritic surfaces. Retromer expresses throughout the neurons and is enriched in endosomes near dendrites. Recent work identified that these retromer-decorated endosomes are broadly distributed along dendrites iñ 2-lm axial intervals, thereby enabling the efficient internalization and insertion of receptors from dendritic surface to these endosomes. Several receptors including b2AR, AMPARs and NMDARs are incorporated into retromer-enriched endosomes, and sequentially get sorted back to dendritic surface in a retromer-dependent manner [55] . Studies using hippocampal neurons transfected with small hairpin RNA against Vps35 demonstrated a significant decrease in recycling efficiency of b2AR, as well as a marked reduction in excitatory postsynaptic events mediated by NMDARs and AMPARs [55, 56] . While these data may not completely explain the molecular details regarding how retromer promotes these receptors back to dendritic surface, it is likely that retromer coordinates the sorting processes together with other accessory proteins such as SNX27 [57, 58] to regulate the homeostatic synaptic plasticity.
Retromer is required for neuronal morphogenesis and physiology. Evidence for this was supported from recent studies on retromer's roles in neuronal maturation. In the case when Vps35 expression was suppressed, hippocampal neurons displayed abnormal morphologies described as swollen axons, reduced dendritic spines and shorter apical dendrites [59, 60] . These deficits reflect the faulty trafficking within retromerdepleted neurons. Indeed, both Vps35 and Vps26 heterozygote knockout mice had the elevated b-amyloid peptide (Ab), a cleavage product generated from b-amyloid precursor protein (APP) [61, 62] . The accumulation of Ab is considered to be toxic for neurons. These findings demonstrated the fundamental role of retromer in neuronal homeostasis and may account for why the nervous system is sensitive to the altered retromer function or molecular organization. Therefore, it is conceived that retromer is closely related to the pathological processes in brain disorders.
Retromer mutations in Parkinson's disease
Parkinson's disease is among the most common neurodegenerative disease with a prevalence of over 1% in the population over the age of 60. Some of the principle symptoms characterized in PD are bradykinesia, muscle rigidity, cognitive impairment, depression and some sensory deficits. These symptoms are attributed to two neuropathological phenotypes: the selective degeneration of dopaminergic (DA) neurons in substantia nigra pars compacta and the presence of intracytoplasmic proteinaceous inclusions called Lewy bodies (LBs). Although most PD cases are sporadic, a subset of PD cases is inheritable and ascribed to alterations at specific gene loci. In 2011, studies from two independent groups demonstrated the point mutation (p. D620N) within the retromer Vps35 subunit in PD cases with familial aetiology, thus highlighting the genetic association between retromer and the late-onset familial PD [63, 64] . Although with a low frequency, this rare variant has been identified in a number of individuals and families affected with PD worldwide (Table 1) , demonstrating its pathogenic roles in PD development [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . Evidence from exome sequencing has also revealed an additional Vps35 variant, P316S, in familial PD cases [64] . However, the genetic evidence for the pathogenicity of this variant is inconclusive, due to the discovery of it in a control subject. [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . To date, however, the molecular machineries regarding how these variants directly associate with PD progression remain unclear. One possibility is retromer variants may perturb regulatory processes mediated by other PD-linked genes, thereby possessing roles in disease pathogenesis. This is supported by recent studies on the functional relationship between retromer and LRRK2, which is defined as the second most common causative gene of PD. Several variants within LRRK2 have been implicated in PDassociated cellular pathology such as defective lysosomal degradation and macroautophagy, and impaired endosome-to-TGN sorting [76] [77] [78] [79] [80] . Overexpression of wild-type Vps35, but not Vps35 D620N variant, rescues these defects [76] . Moreover, studies using Drosophila models support the functional association between Vps35 and LRRK2, revealing the capacity of retromer to rescue neuronal deficits caused by LRRK2 variants [76, 81] . Hence, retromer functions together with LRRK2 in neuronal protection, and its mutations may play a negative mode of action in this process. Collectively, although the pathogenicity of various retromer variants remains elusive, these findings do point towards the genetic association between retromer and PD, and provide vital clues to retromer function in molecular pathways that are perturbed in PD cases.
Functional insights into retromer deficiency and PD-linked mutations
Multiple studies have examined the function of retromer in cellular pathways that may associate with PD progression (Fig. 2) . While it remains unclear if these machineries are directly relevant to PD pathology, studies based on cell or animal models provide insights into PD-linked molecular pathways that may be promoted by retromer deficiency or mutations.
Impaired endolysosomal-mediated protein degradation
As initially identified, retromer is an essential regulator in endosomal sorting of cargoes towards the TGN. One classic cargo incorporated into this trafficking route is CI-M6PR, which participates in the delivery of lysosomal hydrolyses such as cathepsin D to lysosomes [32] . For example, under physiology conditions, CI-M6PR binds newly synthesized cathepsin D at the TGN; both receptor and cargo are sorting into a transport vesicle, which deliver them to the endosomal network. Once within the endosomal system, cathepsin D is released from CI-M6PR and transported to lysosomes, where it becomes activated. Unoccupied CI-M6PR is retrieved along retromer-mediated pathway to the TGN for the next round of sorting. As a major lysosomal protease, cathepsin D is demonstrated to facilitate the degradation of long-lived proteins including a-synuclein, which is characterized as the most abundant component within LBs [82, 83] . Therefore, one idea is that retromer malfunction reduces the iterative transport of CI-M6PR, and thus causes a defect on cathepsin D processing, leading to a decreased level of its activated forms in lysosomes. Such a deficit would induce lower degradative activity, thus leading to the accumulation of nondegraded a-synuclein and the formation of LBs, a prominent PD neuropathological phenotype. The pathophysiological features of retromer in the proteolytic cleavage of a-synuclein are supported by evidence from human a-synuclein transgenic Drosophila models, in which RNAi-mediated silencing of Vps35 perturbs the maturation process of cathepsin D and induces an accumulation of insoluble a-synuclein by preventing the endosome-to-TGN retrieval of CI-M6PR [84] . Similar trafficking defects on CI-M6PR have been reported in cell-based models expressing PD-causing retromer variant Vps35 D620N. This variant is assembled into the retromer complex correctly, however, the presence of Vps35 D620N alters the intracellular distribution of CI-M6PR and leads to an elevation of procathepsin D in various cell types including fibroblast cells isolated from PD patients carrying Vps35 D620N variant [76, 85, 86] . Recent work reported an additional variant, Vps35 R524W, is also associated with the sorting defects of CI-M6PR. While the formation of the retromer complex is unaffected by the presence of the R524W variant, the endosomal recruitment of retromer is impacted, which further leads to the mistrafficking of CI-M6PR and cathepsin D [87] .
Two autophagic pathways including chaperonmediated autophagy (CMA) and macroautophagy are thought to play roles in endogenous a-synuclein turnover. Recently, the functional link between retromer and two autophagic pathways has been demonstrated. Lysosome-associated membrane glycoprotein 2a (Lamp2a), which is critical for chaperone-mediated a-synuclein degradation, has been recently implicated in retromer-mediated endosome-to-TGN trafficking pathways in dopaminergic neurons [88, 89] . Suppression of Vps35 or the expression of Vps35 D620N accelerates the degradation of Lamp2a, leading to an elevation of nondegraded a-synuclein. Indeed, a reduction in asynuclein accumulation is observed once Lamp2a is re-expressed in Vps35-deficient neurons [89] , suggesting the functional roles of retromer in chaperonemediated a-synuclein degradation processes. With respect to the macroautophagy pathway, one study has shown the expression of Vps35 D620N impairs the trafficking of autophagy-associated protein (ATG9A), a regulator in early process of autophogosome formation, leading to intracellular autophagy defects [90] . As autophogosomes are supposed to be intracellular sites for the cleavage of a-synuclein aggregation, Vps35 D620N may contribute to the deregulation of autophagy pathway and the accumulation of a-synuclein proteins that is observed in PD cases. The association between Vps35 and its key accessory protein WASH complex is required for the efficient trafficking of ATG9A. Thus, the defects on ATG9A transport may be partially due to the reduced affinity between Vps35 D620N variant and the WASH complex [90] . Together, these data suggest the fundamental roles of retromer in endolysosomalmediated protein degradation processes and may provide an explanation for the potential contribution of retromer dysfunction/mutation in PD pathogenesis.
Impaired trafficking of neuronal receptors
Retromer is important for the normal functioning of neurons and neuronal survival. Dysfunction of retromer in neurons has been recently implicated to induce neuropathological deficits observed in PD case. One study demonstrated suppression of Vps35 in hippocampal neurons causes the degeneration of dendritic spines [59] . Spine loss has been reported in a few studies of stratal tissues from PD patients, suggesting its association with neuronal vulnerability [91] . Although it is unclear how Vps35 regulates dendritic spine dynamics, the degeneration of spines may be due to the aberrant recycling of AMPARs in Vps35-deficinet neurons. The retromer Vps35 subunit directly interacts with two AMPAR subunits, GluR1 and GluR2, and regulates their targeting to dendritic surface [60] . The absence of Vps35 leads to a decreased level of dendritic surface-localized GluR1/GluR2, reduces the glutamate transmission and induces impairments of excitatory spine maturation. The spine deficit is partially restored by the overexpression of GluR2 in Vps35-deficient neurons [60] . These data highlight a functional role of retromer in neuronal integrity, which may underlie the pathogenesis of PD. The PD-linked Vps35 D620N variant is suggested to act as a Vps35 loss-of-function variant in the regulation of AMPAR recycling. Recent work has implicated that Vps35 D620N alters AMPAR recycling and perturbs the synaptic transmission in mouse cortical neurons expressing Vps35 D620N and human dopaminergic neurons generated from induced pluripotent stem cells of PD patient with D620N variant [92] . The perturbations to synaptic function seem to generate chronic neuropathological effect towards neuronal integrity that may lead to neuronal damage and contribute to disorders in PD [92] .
Impaired dopamine signalling has recently been demonstrated in PD cases [93] . As an essential neurotransmitter, dopamine mediates various brain physiological functions such as locomotion and behaviour through binding to its receptors and triggering downstream signalling pathways. One key receptor for dopamine is dopamine receptor D1 (DRD1), which undergoes neuronal responses such as modulating the cyclic AMP production [94] . Recent studies revealed a functional connection between retromer and DRD1 [95] . Retromer regulates the cell surface recycling of DRD1 and its downstream signalling pathway via directly binding to DRD1. The PD-linked Vps35 D620N variant does not affect retromer's affinity with DRD1, however, it fails to rescue the DRD1 recycling or associated dopamine signalling in Vps35 knockdown neurons [95] . Impaired dopaminergic neurotransmission was also observed in the Vps35 D620N knockin mouse model [96] , suggesting the molecular action of retromer in PD pathogenesis.
Additional neuronal transports may also be involved into retromer-promoted PD pathology. Postmortem studies of PD patients reveal a reduction in brainderived neurotrophic factor (BDNF) in the vulnerable region substantia nigra pars compacta, suggesting a deficiency in BDNF/tropomyosin-related kinase B (TrkB) signalling [97] . Accordingly, inhibition of BDNF or its downstream receptor, TrkB, increases the sensory of dopaminergic neurons to cytotoxic injury, induces the selective loss of dopaminergic neurons and thus may contribute to PD progression [98] . Recent work has implicated sortilin, a retromer-associated cargo, in BDNF/TrkB signalling pathway by regulating the anterograde trafficking of Trk receptors from soma to synapse [99] . While there is, as yet, no direct evidence linking defects on neurotrophin signalling with retromer-promoted PD pathology, these data still provide us insights into potential directions to explore PD pathogenesis in future studies.
Disrupted mitochondria dynamics and function
Mitochondria homeostasis is critical for neuronal function and survival. Aberrant mitochondria function has been proposed to contribute to the development of PD. Retromer has been suggested to be associated with mitochondria function by mediating vesicle transport between mitochondria and peroxisomes. Vps35 and Vps26 are indicated to have a functional interaction with mitochondria-anchored protein ligase (MAPL), a small ubiquitin-like modifier E3 ligase enriched in mitochondria-derived vesicles (MDVs). Retromer deficiency leads to defects on the formation of MAPL-positive MDVs and thus causes a reduction in the delivery of MAPL to peroxisomes [100] . Retromer has been implicated to play an additional role in mitochondria homeostasis, by protecting against the mitochondria toxicant 1-methyl-4-phenypyridinium (MPP+) [101] . MPP+, the oxidized form of neurotoxin MPTP, causes oxidative stress and mitochondria impairments and has a highly selective toxicity to dopaminergic neurons. Enhanced Vps35 expression protects dopaminergic neurons against MPP+ cytotoxicity; however, this neuroprotectional function is partially compromised by the presence of Vps35 D620N mutation [101] .
Impaired fission/fusion dynamics of mitochondria is likely associated with the progressive degeneration of DA neurons and is proposed to be important for PD pathogenesis. Recent work has provided evidence linking retromer deficiency/mutation to the impairments of mitochondria dynamics and neuronal damage. The fission/fusion processes are generally regulated by two factors -dynamin-related protein 1 (Drp1) and mitofusins (Mfns). Drp1 is required for the fission process by forming a large complex to divide mitochondria; Mfns including MFN1 and MFN2 are required for the fusion processes. Retromer has been demonstrated to regulate the removal of Drp1 complexes from mitochondria via a Vp35-Drp1 interaction, and transport these complexes through MDV-dependent routes to lysosomes for degradation. The Vps35 D620N variant displays an enhanced interaction with Drp1 and promotes the turnover of mitochondria Drp1 complexes, which seem likely to lead to mitochondria fragmentation and loss of neurons [102] . Another study demonstrated the participation of retromer in the regulation of mitochondria fusion processes. Retromer promotes the degradation of mitochondria E3 ubiquitin ligase-1 (MUL1), a critical E3 ubiquitin ligase of MFN2, and thus suppresses MUL1-mediated MFN2 degradation [103] . In Vps35-deficient dopaminergic neurons, MUL1 levels are elevated, which results in MFN2 reduction, mitochondria fragmentation and neuronal death. Notably, these phenotypes can be restored by the expression of wild-type Vps35, but not Vps35 D620N variant, which is consistent with the mitochondria deficits in PD [103] . While most molecular details regarding how retromer regulates the mitochondria homeostasis are unknown, these findings suggest an additional layer of the intersection between retromer deregulation and PD pathology, beyond its role in endosomal trafficking pathways.
Connectivity of retromer with other PDassociated proteins
In the last decades, a number of risk genes associated with PD are discovered and implicated in cellular pathways that may contribute to PD pathogenesis. As the list grows, it appears to be important to define whether these genes function independently or interplay with each other. Recent investigations on inter-relationship between retromer and other PD-linked gene products highlight the possibilities that retromer may coordinate common cellular events together with other PD-linked factors, providing novel insights into the pathogenic roles of retromer in PD.
a-synuclein is a presynaptic neuronal protein central to PD. Genetic studies demonstrated missense and multiplication variants within a-synuclein cause the manifestation of PD [104] [105] [106] [107] . Aberrant forms of a-synuclein are neurotoxic and aggregated in LBs, one of the pathological hallmarks of PD. To date, the molecular mechanism regarding how a-synuclein aggregation is formed remains unclear, however, retromer has been recently demonstrated to contribute to a-synuclein catabolism through coordinating the intracellular transport of cathepsin D, one of the main lysosomal enzymes responsible for the degradation of long-lived proteins. Lack of retromer perturbs the maturation of cathepsin D in parallel with the accumulation of a-synuclein in lysosomes [84] . This is supported by observations made in Vps35-knockdown Drosophila models, demonstrating that loss of retromer Vps35 subunit not only induces the accumulation of insoluble a-synuclein in brain but also causes locomotor impairments and the mild compound eye disorganization [84] . Similar defects on cathepsin D processing and asynuclein degradation are observed in cellular models overexpressing the Vps35 D620N or Vps35 R524W variants [86, 87] . Hence, it is likely that retromer functional deficiency contributes to a-synuclein aggregation in an indirect manner, thereby further leading to PD progression. Consistent with the above observations, Vps35 loss-of-function enhances a-synuclein toxicity in yeast and C. elegans [108] . In contrast, overexpressing of wild-type Vps35 in a-synuclein transgenic mouse models almost completely rescues the neurodegeneration induced by a-synuclein [108] . However, the presence of PD-linked variant Vps35 D620N or Vps35 P316S, or knock down of endogenous Vps35 causes more neuronal loss in the hippocampus from a-synuclein transgenic mouse, suggesting the functional role of retromer in antagonizing a-synuclein-associated neurodegeneration [108] . The connection between retromer and a-synuclein is further supported by evidence from recent proteomic studies [109] . By using the ascorbate peroxidase (APEX)-labelling biotinylation combined with mass spectrometry, a-synuclein has been shown to directly interact with Vps29 as well as SNX1 [110] . Overall, these findings collectively suggest that retromer may modulate a-synuclein trafficking and biogenesis either in an indirect manner with cathepsin D, or in a direct manner by direct interaction.
Another PD-lined gene possessing functional connection with retromer is LRRK2, a multidomain protein with GTPase and kinase activity. Variants within LRRK2 are defined as one of the most common genetic causes of the late-onset PD. To date, at least five variants in LRRK2 are shown unambiguously to associate with PD pathogenesis. These include the N1437H, R1441C/G/H, Y1699C, I2020T and G2019S variants, among which G2019S presented most frequently [111] . LRRK2 has been shown to coordinate protein sorting in conjunction with Rab7L1, a gene within the PARK16 PD-associated loci, and defects in the LRRK2-Rab7L1 pathway are implicated in deficits of endosomal trafficking, endolysosomal protein degradation and macroautophagy [76, [112] [113] [114] [115] . Given the intracellular pathways inhibited by retromer deficiency, it is conceivable that LRRK2-Rab7L1 and retromer may converge in common cellular processes. Indeed, the expression of LRRK2 G2019S variant or silencing of Rab7L1 alters the endosomal sorting of CI-M6PR, similar to Vps35 silencing or Vps35 D620N expression, which can be rescued by the overexpression of the wild-type Vps35 [76] . Furthermore, retromer Vps35 overexpression also rescues neuronal deficits such as perturbed neurite processes and neuronal loss, which are induced by LRRK2 G2019S variant or Rab7L1 knockdown, in mammalian and Drosophila neuronal models [76] . The rescue phenotype is further confirmed by another study in which the relevance is extended to another two LRRK2 variants, Y1699C and I2020T [81] . Although these observations suggest the functional association between retromer and LRRK2-Rab7L1, it remains unclear how these three regulators interplay and impact on PD pathogenesis. Coimmunoprecipitation studies in SHSY5Y cells and LRRK2 transgenic mouse brain suggested the direct interaction between LRRK2 and the retromer Vps35 subunit, however, another study in human Vps35-transgenic Drosophila models showed opposite results demonstrating no direct binding between the two regulators [76, 116] . Therefore, LRRK2 may indirectly associate with the retromer complex via other protein scaffolds.
The third PD-linked factor that functionally associates with retromer is Parkin. Parkin is a RING between RING E3 ubiquitin ligase that plays neuroprotective roles in various cellular processes such as mitochondria quality control and stress protection through ubiquitination of targeting substrates. Variants within the PARK2 gene are associated with the early onset PD. A strong genetic interaction between Parkin (PARK2) and retromer is first demonstrated by a study in Drosophila models [117] . The heterozygote of Vps35 or Parkin display no phenotype compared with the control, however, Vps35 and Parkin double heterozygotes displayed several PD-linked phenotypes such as enhanced climbing defects, loss of dopaminergic neurons and sensitivity to oxidative stressor [117] . Indeed, Overexpression of Vps35 is able to rescue several phenotypes induced by Parkin variants, suggesting the genetic interaction between PARK2 and retromer [117] . As an E3 ubiquitination ligase, PARK2 directly targets to lysine residues of several endosomal proteins for ubiquitination. In fact, Vps35 can be ubiquitinated by PARK2 [118] . In addition, Parkin modulates the endolysosomal pathways through Rab7 ubiquitination. Loss of Parkin function perturbs the endosomal recruitment of retromer, thereby further impacting retromer-mediated CI-M6PR trafficking [119] .
Collectively, studies on the functional association between retromer and other PD-linked proteins suggest a functional network constructed by multiple risk factors in PD, and thus reveal the complicated machineries underlying PD progression. Further investigation on the detailed molecular action of retromer in this network will help us to gain a better understanding of its pathogenic roles in PD.
Conclusion remarks
Retromer complex is a key regulator for the endosomal cargo sorting. However, its roles have extended beyond the regulations of endosomal trafficking, such as mitochondria homeostasis. Although recent research has shed light on how retromer deficiency or retromer variants contribute to PD progression, further detailed mechanistic examinations of the retromer functions, such as its genetic interactions with other PD-risk factors, in PD pathogenesis are needed. 
